We have developed a new type of particle identification device, called an Aerogel Ring Imaging Cherenkov (ARICH) counter, for the Belle II experiment. It uses silica aerogel tiles as Cherenkov radiators. For detection of Cherenkov photons, Hybrid Avalanche PhotoDetectors (HAPDs) are used. The designed HAPD has a high sensitivity to single photons under a strong magnetic field. We have confirmed that the HAPD provides high efficiency for single-photon detection even after exposure to neutron and γ-ray radiation that exceeds the levels expected in the 10-year Belle II operation. In order to confirm the basic performance of the ARICH counter system, we carried out a beam test at the DESY using a prototype of the ARICH counter with six HAPD modules. The results are in agreement with our expectations and confirm the suitability of the ARICH counter for the Belle II experiment.
INTRODUCTION
The Belle experiment [1] is a B-factory experiment at the KEKB accelerator, which is an asymmetric energy e + e − collider for the CP violation search in the B meson system. The experiment was successfully completed in 2010, and the Kobayashi-Maskawa mechanism of the CP violation was confirmed. As a next generation B-factory experiment, the KEKB accelerator and the Belle detector are being upgraded to the SuperKEKB accelerator and the Belle II detector, respectively [2] . The Belle II experiment aims to explore new physics beyond the Standard Model (BSM) through high-precision measurements of B meson decays.
A new particle identification (PID) device, the Aerogel Ring Imaging Cherenkov (ARICH) counter [3] , has been developed to provide a high π/K separation in the Belle II experiment. The ARICH is one of the key devices for studying BSM physics e.g. measurement of B → ργ (ρ → ππ)
decay that is contaminated with B → K * γ (K * → Kπ) decay background. This decay mode is highly suppressed in the Standard Model and there is the possibility that a non-Standard Model particle contributes in higher-order loop diagrams [4] [5] [6] . In the Belle experiment, a threshold-type aerogel Cherenkov counter (ACC) was used for π/K separation up to 2 GeV/c in the end-cap region. A wide momentum range up to 4 GeV/c is important for the ARICH counter in Belle II, because, for example, one pion from B → ργ can have a high momentum. The aim for the Belle II experiment is to separate kaons and pions with 4 σ up to 4 GeV/c.
One of the most important components of the ARICH counter is a photon detector with high position resolution. We use a 144-ch multi-anode Hybrid Avalanche Photo-Detector (HAPD) as the photon detector. We had studied and improved the HAPD to sustain the radiation damage during the 10-year Belle II operation of expected fluence < 10 12 one MeV-equivalent neutrons/cm 2 and dose < 100 Gy for γ-rays. We constructed a prototype ARICH counter using the designed HAPDs and large-size aerogel tiles. The performance of the prototype ARICH counter is verified using a beam test as the final step of the development.
PROXIMITY-FOCUSING ARICH COUNTER Particle identification principle
The ARICH counter is placed in the end-cap of the Belle II detector, as shown in 2 shows the particle identification principle of an ARICH. When a charged particle is traveling through the silica aerogel radiator, Cherenkov light is produced if the velocity of the particle exceeds the speed of light in the radiator. The Cherenkov photons are emitted at a certain Cherenkov angle with respect to the direction of the incident particle, and can be detected as a ring image by setting photon detectors as an imaging device at some distance from the radiator. Using the Cherenkov angle θ C calculated from the radius of the Cherenkov ring, particle identification of a charged particle can be performed by calculating its mass using the following formula:
where p is the particle momentum measured by tracking the particle in a magnetic field, c is the speed of light in vacuum, and n is the refractive index of the aerogel. A pion and kaon with the same momentum emit Cherenkov light with different Cherenkov angles. The difference of the Cherenkov angle between pion and kaon is around 23 mrad for p = 4 GeV/c and n = 1.05.
Aerogel radiators
The silica aerogel radiator tiles of the ARICH counter are required to have a long transmission length and refractive indices in the range of 1.04-1.05 for optimal counter performance in the required momentum range. We successfully established a method for large-size (180×180×20 mm 3 )
hydrophobic aerogel production with high transparency [7, 8] . photon, although the detected photons will be decreased. We verified that the optimal thickness of the aerogel for the ARICH counter should be around 20 mm [9, 10] .
In order to increase the number of detected photons without degrading the resolution, we introduced the dual-layer focusing scheme [10] . We use two aerogel tiles with different refractive indices placed together [ Fig. 3 (b) ]. By adjusting the refractive index of the downstream aerogel n 2 to be slightly higher than that of the upstream aerogel n 1 , the Cherenkov angle in the downstream aerogel becomes slightly larger than that of the upstream aerogel. As a result, the Cherenkov photons from the two aerogel tiles are focused on the incident windows of the photon detectors.
Here, n 1 and n 2 are 1.045 and 1.055, respectively [10] .
Photon detector
The For this purpose, we have been developing a 144-ch multi-anode HAPD together with Hamamatsu Photonics K.K. since 2002 [11, 12] . We will use 420 HAPDs for the ARICH counter. The details of the HAPD will be described in Sect. 3.
Readout electronics
The readout electronics of the ARICH counter are required to have high gain and a low-noise amplifier so that it can discriminate the single photon signal from noise. Note that the charge information is used only for discrimination between single photons and noise; most of the Cherenkov photon hits are from single photons, and only the hit information (yes or no) is important. The readout electronics are also required to fit within the limited space; the space available for the electronics is only 50 mm of the total available space of 280 mm.
In order to satisfy these conditions, we developed a custom ASIC, named SA03 [13] . The ASIC has 36 channels with a charge-sensitive amplifier, shaper, and discriminator. The shaper has a variable shaping time that allows the readout electronics to adapt to operations in the case of an increasing noise level due to neutron irradiation. The details of this topic will be described in Sect.
3.
The front-end board, which is attached to the backplane of an HAPD, has four readout ASIC chips and an FPGA chip (Spartan6) for readout control and communication to the higher levels of the readout system. The other components on the front-end board are a bias voltage connector for the attached HAPD and temperature sensor chips [14] . The size of the front-end board is designed to fit the HAPD.
HYBRID AVALANCHE PHOTO-DETECTOR Specification
The HAPD is composed of a photo-cathode, a vacuum tube, and four avalanche photo-diode (APD) chips, where each APD is pixelated into 6×6 pads, resulting in 144 channels. The schematics of the HAPD are shown in Fig. 4 . The basic specifications of the HAPD are summarized in Table I . 
Detection of single photon
In an HAPD module, the photoelectrons are amplified in two steps (Fig. 5 ). In the first step, the photoelectrons are accelerated using a high electric field; after passing a potential difference of Because the bombardment gain [∼ O(10 3 )] is larger than the avalanche gain, the statistical fluctuation in the output signal can be suppressed; this effect is further enhanced using the Fano factor in silicon. Therefore, the HAPD has excellent performance in single photoelectron separation.
Fig . 6 shows the pulse height distribution with multiple photons produced using a blue LED.
We fit this distribution with a sum of three Gaussians for the three peaks, corresponding to the noise, single photoelectrons (1 p.e.), and two photoelectrons (2 p.e.), and a second-order polynomial function. From the difference of the mean value between 1 p.e. and 2 p.e., the signal gain of 1 p.e.
was calculated to be about 46,000. The noise equivalent to the number of electrons was calculated as about 2000 from the width (1 σ) of the leftmost Gaussian. We have therefore obtained a signalto-noise ratio S/N of about 23, sufficient for reliable single-photon detection in the ARICH counter.
FIG. 6. The pulse height distribution for low-intensity pulsed LED illumination.
Radiation hardness
Besides the mechanical and electrical constraints, the HAPD is also required to have sufficient radiation tolerance for the 10-year Belle II operation. In the front of the end-cap region of Belle II, a one MeV-equivalent neutron fluence of 1 × 10 12 cm −2 and a γ-ray dose of up to approximately 100 Gy are expected in total for the 10 year of operation.
In general, neutrons induce lattice defects in the bulk region of an APD. This results in an increase of the leakage current through this region. The shot noise from the HAPD also increases and causes a degradation of S/N in the single-photon detection. We had performed several irradiation tests to investigate the dominant source of shot noise. As a result, we confirmed that the leakage current from the P-layer is larger than that from the N-layer because the electrons from the P-layer get amplified in the avalanche region, while the amplification for holes from the N-layer is negligible [ Fig. 5 (b) ]. The leakage current can therefore be more efficiently reduced with a thinner the final version of the APD.
The noise can also be suppressed by a shorter shaping time in the front-end electronics. The main components of the noise for each channel of the HAPD are the shot noise and amplification noise. We assume that the shot noise and amplification noise are proportional to √ I leak Gτ and 1/ √ τ , respectively [15] . Here, I leak is the leakage current, G is the avalanche gain, and τ is the shaping time. Because the shot noise is proportional to √ τ , it can be suppressed by using a shorter shaping time. However, the total noise increases for very short shaping times, as the amplification noise is inversely proportional to √ τ . We have calculated the optimal shaping time, which is around 100 ns with G = 40. For this purpose, we developed a readout ASIC, where the shaping time can be varied between 100 ns and 200 ns.
The γ-ray radiation causes charge up around the structure on the APD surface. In particular,
we found that a protection film, which is deposited on the APD in order to protect it from alkali materials that are evaporated during photo-cathode deposition, was easily charged up by γ-rays, and the breakdown voltage between the film and the structure around it was reduced as the γ-ray dose was increased. As a result, the breakdown voltage is reduced below the normal operational voltage, and the APD has to be operated at lower avalanche gain. Therefore, the surface part of the APD had to be redesigned to prevent the charge up, while maintaining sufficient protection from alkali materials.
In 2012, we performed a series of irradiation tests to confirm that the HAPD with an improved APD has a sufficient tolerance to both neutron and γ-ray irradiations expected at Belle II [15] . We first performed the neutron irradiation test at the neutron beam line in J-PARC MLF (Ibaraki, Japan). The HAPDs having a thinner P-layer were irradiated with a fluence of up to 0.86 × 10 12 neutrons/cm 2 (one MeV-equivalent). Fig. 7 shows the result of the neutron irradiation test for the HAPD irradiated with 0.86 × 10 12 neutrons/cm 2 . This plot compares the noise levels for shaping times of 100 ns and 250 ns. We confirmed that shaping time of 100 ns suppresses the noise induced by the neutron irradiation, and the noise levels for 100 ns is lower than in the case of 250 ns. The noise after neutron irradiation is expected to be around 5, 000 e − with an avalanche gain of 40. Since the single photoelectron signal is estimated as 1700 × 40 = 68, 000(e − ) with nominal operational bombarded voltage and inverse bias voltage, we estimate the S/N to be greater than 10. Such a value is acceptable for the ARICH counter. As a result, it can be concluded that the developed HAPD sensor, which has a thinner P-layer and is read out with shorter shaping time, can separate single photoelectrons from noise even after the expected level of neutron irradiation. Around three months after the neutron irradiation, a γ-ray irradiation test for doses up to 1, 000 Gy was performed for all the neutron-irradiated HAPDs at a 60 Co facility at Nagoya University in 2012. A comparison of the leakage current before and after the γ-ray irradiation is shown in Fig. 8 .
If measured immediately after the irradiation, the breakdown voltages for the APDs with γ-ray doses of 600 Gy and 1, 000 Gy are below the operational voltage of the APD (327 V, corresponding to an avalanche gain of 40). However, after a day of annealing at room temperature, the breakdown voltage again exceeds the operational voltage. This indicates that the effect is due to the charging up of the surface at irradiation rates exceeding by several orders of magnitude the rates expected in Belle II. It is therefore expected that the charging up will eventually pose no problem at the expected total doses of up to 100 Gy. In summary, we have confirmed that the HAPDs will reliably operate up to the maximal expected neutron fluences and γ-ray doses, and even beyond. 
BEAM TEST WITH THE PROTOTYPE ARICH
In order to confirm the basic performance of the ARICH counter using the developed components including a neutron and γ-ray irradiated HAPD, we constructed a prototype detector and have carried out a test at the electron beam line T24, which provides an electron beam at DESY.
Prototype ARICH
The prototype ARICH counter consists of six HAPD modules, two aerogel tiles, and six frontend boards. The specifications of the aerogels and HAPDs used are listed in TableII, and the HAPD layout is shown in Fig. 9 (a) . The two aerogel layers were mounted in front of the HAPD array.
HAPD No. 4 was used for the radiation hardness tests, irradiated with a neutron fluence of 0.86 × 10 12 cm −2 and with a γ-ray dose of 1, 000 Gy. HAPD signals were read out by the front-end boards attached to the backplanes of the HAPD modules. The shaping times of the ASICs in the front-end boards were set to be 100 ns for HAPD Nos. 2, 4, and 6, and 250 ns for Nos. 1, 3, and 5. 10 shows the Cherenkov ring images from the prototype, a typical hit map of an event and the accumulated hit positions with respect to the track. In Fig. 10 (a) , the cross marker corresponds to the track position; several hits seen around it correspond to Cherenkov photons which were mainly generated in the front quartz window of the HAPD. We successfully observed very clear ring images using the prototype ARICH counter including the irradiated HAPD. In order to evaluate the basic performance of the ARICH, we analyzed the number of detected Cherenkov photoelectrons and their angular resolution. Multi-track events were rejected by using information from trigger counters and MWPC modules. Those selections at the hardware level, however, cannot fully reject multi-track events. We also applied an analytical selection to further reject such events in offline analysis. In order to separate single-track events from multi-track events, we assumed that the distribution (Fig. 11) was represented by the following form: the expected number of detected photoelectrons is given by the following equations [2] :
where N 1 (N 2 ) is the number of photoelectrons due to Cherenkov light emitted in the upstream (downstream) aerogel tile, ǫ a is the photon acceptance of the prototype ARICH including the geometrical acceptance and detection efficiency of the HAPD, estimated to be around 42% in the test, ǫ q is the quantum efficiency of each HAPD, λ is the wavelength of the Cherenkov photon and α is the fine structure constant. In the beam test, the number of photoelectrons is estimated to be N pe = N 1 + N 2 = 2.787 + 7.969 = 10.756. Fig. 12 shows the angular distribution of the Cherenkov light, which was preselected after the rejection of multiple track events. The preselection was performed by fitting the distributions of number of photoelectrons using Eq. (2) for every 0.002 rad of the Cherenkov angle distribution.
Here A 1 in Eq. (2) corresponds to the number of single-track events for each Cherenkov angle.
The Cherenkov emission angle θ C is simply calculated by tan θ C = r/L, where r is the measured radius and L is the distance between the quartz window of the HAPD and the averaged emission point in the aerogel. Here, the averaged emission point is assumed to be the middle of the thickness of the upstream aerogel.
We obtained the average number of detected photoelectrons N pe from the area above the background form. It amounts to N pe = 10.495 ± 0.111 per track. The result is almost consistent with the expected N pe (= 10.756).
[rad] 
Resolution of the Cherenkov angle
The Cherenkov angle is calculated by fitting the angular distribution with a Gaussian for the primary Cherenkov peak, a second-order polynomial function for the background, and Gaussian for the small secondary peak seen at around θ C = 0.36 rad, which is made by reflected photons on the APD surface. Then we obtained the Cherenkov emission angle θ C to be 0.2982 ± 0.0002 rad, and the angular resolution σ θ to be 14.03 mrad from the Gaussian assumption. The obtained θ C (0.2982 ± 0.0002 rad) is compared with the expected θ C calculated using Eq. (1) as 0.2998 rad assuming a 5 GeV/c electron on n = 1.0467 radiator. We confirmed that the measured angle is as expected.
The main source of σ θ is assumed to be σ θ = σ 2 emp + σ 2 pix [9] , where σ emp is the uncertainty in the emission point and is estimated to be d is slightly different compared with the above estimation. The discrepancy can account for around 8 mrad, and is considered to arise from uncertainty related to the aerogel-e.g., the effect of a non-flat surface and non-uniformities in the refractive index. The effect of chromatic dispersion also makes the resolution worse but is negligible compared with the other effects [9] .
The performance of the π/K separation S can be roughly estimated using the following equation:
where ∆θ C is the difference in Cherenkov angles between pion and kaon. ∆θ C is calculated to be 23.7 mrad at 4 GeV/c, as θ C is calculated using Eq. (2) 
PARTICLE IDENTIFICATION EFFICIENCY
To study the performance of the π/K separation of the ARICH counter in a realistic situation, we perform event-by-event analysis based on the likelihood method for the beam test data. We define probability density functions (PDFs) for the distributions of the Cherenkov angle and number of detected photoelectrons. We prepare the PDFs for the signal and background assumptions.
Here, the signal and background are assumed to be pion and kaon, respectively, to emulate π/K identification of the ARICH counter. We calculate likelihoods for an event of the beam test. We estimate the performance of the π/K separation using likelihood ratio.
Definition of the likelihood function
As the first step, we define the likelihood function. The likelihood function L for an event is
given by the following equation:
where L Npe is the likelihood of the number of detected photoelectrons in each event and L θ is the likelihood of the Cherenkov angles for photoelectrons of an event.
PDF construction
The PDF for the number of detected photoelectrons per event is assumed to be a single Poisson distribution P o(µ). The mean µ is quoted from the expected value calculated using Eq. (3) with the particle mass, the momentum, and the refractive indices of the aerogel layers as parameters.
For 3.5 GeV/c, the expected number of detected photoelectrons is 10.629 and 8.938 for pion and kaon, respectively.
Note that, we made the PDF of the Cherenkov angle for pion and kaon based on the electron data because the beam test is performed using the electron beam. In order to generate the PDF of the Cherenkov angle as a function of momentum for the given mass assumption, we parametrized the Cherenkov angular distribution as a combination of some known functions. The distributions for the primary Cherenkov peak and secondary peak made by the reflections of the photons at the APD surface are assumed to be Gaussian. The slightly wide peak below 0.1 rad originates from the Cherenkov photons, which were generated in the quartz window of the HAPD, and is assumed to be two Gaussians and an eighth-order polynomial. The uncorrelated background is assumed to be an eighth-order polynomial. Therefore, the entire distribution is fitted by four Gaussians and two eighth-order polynomial. Fig. 13(a) shows the fitted distribution of the Cherenkov angle.
At the beam test, we obtained data by removing all the aerogels from the light-tight box in order to estimate the amount of background hits. This data was fitted with a composite function, which had two Gaussians for the broad peak below 0.1 rad and an eighth-order polynomial for the uncorrelated background. Fig. 13(b) shows the components of the fitting function. The dotted lines represent the primary Cherenkov peak and secondary peak. A dashed line shows contributions from only the uncorrelated background. A solid line is used to combine them, and it corresponds to the fitting function in Fig. 13 (a) . The primary Cherenkov peak and secondary peak for the background (kaon) assumption are shifted from the signal (pion) assumption by the Cherenkov angle difference between pions and kaons depending on the momentum. The primary Cherenkov peak and secondary Cherenkov peak are added into the uncorrelated background to form the PDF.
The created PDFs for pion and kaon at 3.5 GeV/c are shown in Fig. 13 (c) .
The likelihood L θ is given as the product of likelihoods for all the photoelectron hits in each event,
where P i (θ) is a likelihood calculated using the PDF of the Cherenkov angle for ith hit in an event. 
Estimation of PID efficiency
We estimate the PID performance of the ARICH counter for pion and kaon at 3.5 GeV/c using single-track events taken with 5 GeV/c electrons. In order to select single-track events, we select data containing the number of detected photoelectrons below a cutoff value N cut as the filled area in Fig. 11 . We set N cut at 15.828 corresponding to µ 2 − 1.17σ 2 , where µ 2 is the mean value of the Poisson distribution for double-track events (2N + B = 21.217) using Eq. (2), and σ 2 is √ µ 2 .
Because the expected Cherenkov angle θ C (π) (= 0.2973 rad) and expected number of photoelectrons N pe (π) (= 10.629) for 3.5 GeV/c pions are close to expected θ C (e) (= 0.2998 rad) and expected N pe (e) (= 10.756) for 5.0 GeV/c electrons, the selected data can be regarded as a data sample of 3.5 GeV/c pions. Fig. 14 shows the selected data distribution and PDFs of the Cherenkov angle for pion and kaon at 3.5 GeV/c.
We define the likelihood ratio per event for pion R(π) using the following equation in order to evaluate the PID performance.
where L(π) and L(K) are the likelihoods for each particle. These quantities were calculated for every event from Eq. (4). We also define the likelihood ratio per event for kaons R(K) using the following equation: We define the π identification efficiency for pion ε(π) and kaon ε(K) as the fraction of the number of events above the value R cut and the number of total events. It is equivalent to the following equation, ε(π) = #Events(R(π) > R cut ) #Events(All) , ε(K) = #Events(R(K) > R cut ) #Events(All) .
